Proton magnetic resonance spectroscopy ( 1 H MRS) of the breast has been proposed as an adjunct to the magnetic resonance imaging (MRI) examination to improve the specificity of distinguishing malignant breast tumors from benign breast tumors. In this review, we carry out a pooled analysis of the clinical breast 1 H MRS studies undertaken to date to determine the factors that influence the diagnostic performance of this method. In total, five studies of breast 1 H MRS from four independent centers around the world have been published to date. Altogether, 153 tumors were examined, 100 of which were confirmed histologically to be malignant and 53 of which were benign. The lesions presenting a detectable composite choline signal in their corresponding 1 H MR spectra were diagnosed as malignant, whereas the lesions with no choline signal were diagnosed as benign. The sensitivity and specificity of breast 1 H MRS for detecting breast cancer were 83% (95% confidence interval [CI] = 73% to 89%) and 85% (95% CI = 71% to 93%), respectively, and both values could be as high as 92% after technical exclusions. In a subgroup of 20 young women, the sensitivity and the specificity of the method approached 100%. The factors limiting the sensitivity of the examination were mainly technical. The use of the composite choline signal as a marker for malignancy in breast 1 H MRS is a robust method with highly reliable interpretation, because it is based on the appearance of a single peak. The method is likely to provide even better results with technologic advances in breast MRS that lead to the improved detection of the composite choline signal. [J Natl Cancer Inst 2002;94:
Breast cancer is a disease of high prevalence among women in western and industrialized countries, with an incidence of about 180 000 new diagnoses each year in the United States alone (1) . Since the late 1980s, the incidence of breast cancer has been relatively stable (2) . The mortality rate from breast cancer, currently estimated at about 26 per 100 000 annually (3), has been stable since 1950, although mortality rates of various subgroups have changed (4) . A successful treatment for this disease depends, in part, on early diagnosis. Thus, robust screening methods have been used, such as palpation, ultrasonography, and mammography. Magnetic resonance imaging (MRI) has been increasingly used as a secondary characterizing tool (5) .
However, after establishing the existence of a lesion, it is critical to determine whether this lesion is benign or malignant. About 75% of the breast tumors detected by mammography and about 50% (a range of 37%-97% has been reported) of the enhancing lesions detected by contrast-enhanced MRI turn out to be benign upon histopathologic characterization (5) . Sonographic classification of benign and malignant tumors is of a low specificity as well-about 30% (6) . The high number of biopsy examinations that end up with a benign diagnosis indicates that the specificity of these methods in differentiating breast cancer from benign tumors, as they are commonly used, has been low. Recent advances in contrast-enhanced MRI methodology and interpretation have greatly improved the ability to differentiate malignant from benign breast tumors (7) , suggesting the potential of MRI to become both highly sensitive and highly specific in breast cancer diagnosis (5, 8, 9) . Recent advances in the methodology for reading mammograms and in Doppler sonography are expected to improve the sensitivity and specificity of these techniques as well (10, 11) .
The differentiation of malignant from benign breast lesions in contrast-enhanced MRI is determined by tumor morphology and the permeability of the tumor vasculature to the contrast agent. The addition of magnetic resonance spectroscopy (MRS) to the MRI examination permits noninvasive detection of tissue metabolism. Distinct alterations in metabolite content have been observed in breast cancers but not in benign lesions of the breast. These alterations include increased content of phosphomonoesters (predominantly phosphocholine and phosphoethanolamine) and phosphodiesters (predominantly glycerophosphocholine and glycerophosphoethanolamine) detected by 31 P MRS [(12-15) and references cited therein] and increased content of composite choline (the combined content of water-soluble choline metabolites such as choline, phosphocholine, glycerophosphocholine, betaine, and analogous compounds containing the ethanolamine head group and taurine) detected by . The biochemical profile of normal breast tissue appears similar to that of benign tumors, with lower levels of phosphomonoesters and phosphodiesters and nondetectable levels of the composite choline signal (20, 22, 23) . These findings in vivo have been confirmed by a multitude of studies in excised human breast tumors (24) (25) (26) (27) (28) and in cell culture (29) (30) (31) . Despite the promising findings in 31 P MRS of tumors, the use of these methods for characterizing tumors in vivo has been hampered by the lower MR sensitivity for detecting 31 P signals. To achieve the same signalto-noise ratio for metabolites detected by 1 H MRS, a 31 P MRS study requires a tumor that is about 10 times larger. The use of 31 P MRS requires special hardware that may not be available in all clinical 1.5-T scanners. In contrast to the 31 P MRS examination, the 1 H MRS examination can be easily integrated into a routine MRI examination with the addition of as little as 10 minutes to the overall scan time. The 1 H MRS of the breast has been proposed as an adjunct to MRI examination to improve the specificity of distinguishing malignant from benign breast tumors. The purpose of this review was to perform a pooled analysis of the existing breast 1 H MRS studies and to determine the factors that influence the diagnostic performance of this method. To date, five studies of breast 1 H MRS examining the use of 1 H MRS to distinguish malignant and benign tumors have been performed by four different groups in four independent centers around the world. Presently, breast MRS studies are not routinely performed as part of a breast MRI examination, in part because, historically, MRS studies have been technically challenging.
The combined data set presented in this review permits an evaluation of the clinical diagnostic performance of this method. In spite of the different patient populations studied and the variation of acquisition parameters used in MRS, the statistical results of the pooled analysis are very encouraging. Automation of MRS studies has removed some of the technical challenges associated with this method.
STATISTICAL METHODS
An unordered exact contingency table test was used to test for the ability to pool sensitivity, specificity, and concordance data across studies. In addition, a logistic regression model was used to predict the probability of detecting the composite choline signal as a function of the largest dimension of the tumor for patients with malignant tumors. An ordered exact contingency table test was used to test for size effect of tumors grouped as less than 2.5 cm, 2.5-4.9 cm, and 5.0 cm or more. Ninety-five percent confidence intervals (95% CIs) were computed for overall sensitivity, specificity, and concordance with an exact binomial distribution calculation. Positive and negative predictive values were also computed by standard definitions. All statistical tests were two-sided.
RESULTS
To date, six studies of in vivo breast 1 H MRS using the composite choline signal to detect breast cancer have been published. Five of these studies (16) (17) (18) (19) 21 ) (conducted by four different groups) tested the diagnostic performance of 1 H MRS for distinguishing benign from malignant lesions of the breast. The number of cancerous and benign tumors included in each study and the diagnostic results of these studies are summarized in (Table 1) were confirmed separately for sensitivity (P ‫ס‬ .62), specificity (P ‫ס‬ 1.00), and concordance (P ‫ס‬ .79); the results indicated that the data could be pooled into one dataset. In total, the five studies examined 153 lesions, of which 100 were malignant tumors and 53 were benign tumors ( Table 1 ). The combined data set demonstrated a sensitivity of 83% (95% CI ‫ס‬ 73% to 89%) and a specificity of 85% (95% CI ‫ס‬ 71% to 93%) for the breast 1 H MRS examination (Table 1) . Overall concordance (percent true-positive results plus percent true-negative results) was 84%. The positive predictive value of composite choline detection was 91%, and the negative predictive value was 73%.
To better understand the factors that influence the diagnostic performance of breast 1 H MRS, the data from different studies were compared by several criteria, including lesion size, lesion subtype, and patient age. Taking advantage of the relatively large number of patients in the pooled data, we were able to test whether tumor size and patient age influence the diagnostic performance of breast (18) provided detailed information on the individual lesions examined, including the tumor's largest dimension. In these three studies, the largest dimension (average ± standard deviation) of the malignant lesions that showed a detectable choline signal (true-positive) was 2.7 ± 1.0, 5.1 ± 2.6, and 2.2 ± 1.0 cm, respectively, whereas that of the malignant lesions that did not show a choline signal (false-negative) was smaller (1.9 ± 0.3, 3.1 ± 0.9, and 1.6 ± 1.3 cm, respectively). The logistic regression model for the probability of choline detection in malignant tumors identified a statistically significant tumor size effect (P ‫ס‬ .046), indicating that choline was more likely to be detected in larger malignant tumors than in smaller malignant tumors. This size dependence could be explained by detection thresholds related to the ability of the scanner and spectral acquisition method to detect smaller quantities of composite choline. In the studies of Kvistad et al. (17) and Jagannathan et al. (21) , the individual size of the lesions that did or did not show *-‫ס‬ data not given in detail. †Mean largest dimension of malignant tumors. The data were reproduced from the above publications or calculated from data presented therein. ‡Malignant tumors (total ‫ס‬ 100): 88 infiltrating and in situ ductal carcinoma, one in situ ductal carcinoma, three infiltrating and in situ lobular carcinoma, two poorly differentiated adenocarcinomas, one medullary carcinoma, one invasive mammary carcinoma, one adenoid cystic carcinoma, one mucinous carcinoma, one undifferentiated carcinoma, and one in situ intracystic papillary carcinoma. the composite choline signal was not given in detail. In the study of Gribbestad et al. (22) , all of the carcinomas that showed a choline signal (100% sensitivity) were 2 cm in diameter or larger.
To further characterize the dependence of breast 1 H MRS sensitivity on the lesion size, the data [in the studies of Cecil et al. (16) , Yeung et al. (19) , and Roebuck et al. (18) ] were divided into three size groups (<2.5, 2.5-4.9, and ജ5 cm). The sensitivity of the examination in these size-dependent subgroups had increased from 72% to 90% to 100%, respectively, in a statistically significant manner (P ‫ס‬ .025, two-sided exact Kruskal-Wallis test).
Thus, the sensitivity of breast 1 H MRS is dependent on tumor size. This dependency appears to be based on the technical issues related to the detection of smaller quantities of composite choline.
Diagnostic Performance of Breast

H MRS in Younger Women
The differentiation between malignant and benign breast tumors in younger women (40 years of age and younger) is of special interest for two main reasons. First, the sensitivity of the mammographic examination in these patients is lower (32) (33) (34) , which makes MRI/MRS a good candidate for imaging these women. Second, the ratio of the number of benign breast lesions compared with the number of breast carcinomas in this population may be slightly higher than in the entire population. Recently, a comparative study between MRI and mammography (35) demonstrated the higher sensitivity of MRI in younger women with a hereditary risk of breast cancer. However, as in the general population, the specificity of both the MRI and the mammography was low (35) . These results indicate that there is a need for a diagnostic method that is both highly sensitive and highly specific in this population of young women.
Each study discussed in this review included a small number of patients who were 40 years of age or younger. Combining the results of these studies in retrospect provides valuable information about this particularly important patient population. The studies of Cecil et al. (16) , Yeung et al. (19) , and Roebuck et al. (18) included a total of 20 patients (11 patients with breast carcinoma and nine patients with benign lesions of the breast [excluding two patients with tubular adenomas, for reasons discussed below]). All of the malignant tumors in this population were diagnosed correctly with 1 H MRS (100% sensitivity, 95% CI ‫ס‬ 73% to 100%), and eight of the nine benign lesions were diagnosed correctly as well (89% specificity, 95% CI ‫ס‬ 57% to 100%). The ninth patient with a benign lesion was 20 years old, and the lesion was classified as a fibroadenoma by fine-needle aspiration (but the lesion was not excised). Choline was detected in this lesion when the size of the lesion increased, as documented on consecutive ultrasonographic scans. Her repeat MRS examination, performed a year later, was negative for choline, and the lesion was shown to be static in size (19) . In this combined population of patients who were 40 years of age and younger, 1 H MRS of the breast had a sensitivity of 100% and a specificity of 89%-100% (depending on whether the ninth benign lesion described above is included or not, respectively). Thus, these results show a very promising role for breast 1 H MRS examination in differentiating malignant lesions from benign ones in younger women. Table 1) .
Factors That Limit the Sensitivity of Breast 1 H MRS
The explanations for false-negative results varied but were mainly attributed to technical problems. In the study of Cecil et al. (16) , it appeared that all of the four false-negative results were obtained when technical limitations arose: detection of one case of invasive mammary cancer was technically limited by a hardware failure for both MRI and MRS. The MRS examination for one patient with ductal carcinoma in situ occurred after an aspiration procedure. In reviewing the images of this patient in retrospect, a blinded MRI reader indicated that the region of interest demonstrated recent hemorrhage and was uncertain as to the diagnosis. Blood products can degrade the local field homogeneity, which is extremely important for successful MRS studies. Two cases of invasive ductal carcinoma were acquired with a small voxel size (1 cm 3 , the volume of tissue from which the data were acquired) after a relatively long time in the scanner, potentially causing the patients to become restless. Movement on the part of a patient could lead to incorrect sampling of the lesion thereby including contributions from surrounding fatty breast tissue. This incorrect sampling may potentially mask the choline signal in these individuals. In the study of Yeung et al. (19) , one of the two false-negatives was attributed to technical difficulties. Patient motion, indicated by MR image misregistration, appeared to lead to mislocalization of the 1 H MRS and, therefore, to a false diagnosis, because unaffected breast tissue does not contain a detectable level of composite choline. The other false-negative result was in the diagnosis of a rare type of carcinoma classified as medullary carcinoma, and no technical limitation was reported for this case. It is unclear whether the absence of choline observed is in any way related to the prognosis of this variant of ductal carcinoma. Medullary carcinoma has been associated with a better prognosis and survival than ductal carcinoma, although the underlying mechanism for these observations remains unclear (19) . In the studies of Kvistad et al. (17) and Jagannathan et al. (21) , two and six cases, respectively, of invasive carcinomas were falsely diagnosed as benign, but no further details were provided. In the study of Roebuck et al. (18) , three malignant breast lesions (infiltrating and intraductal carcinoma, in situ and infiltrating ductal and lobular carcinoma, and infiltrating and lobular carcinoma) were falsely diagnosed as benign. In this work, technical limitations were not suggested as possible factors limiting the sensitivity of the 1 H MRS test. We, however, suggest that these lesions were most susceptible to patient motion, because for all studies listed in Table 1 , the average size of the malignant tumors studied was the smallest and the voxel was the smallest. Consequently, it is possible that patient motion in these studies led to mislocalization of the spectra and recording of spectra from unaffected breast tissue that does not contain a detectable level of composite choline. Thus, the failure of breast 1 H MRS to detect elevated levels of choline in a limited number of confirmed cases of cancer appears to be predominantly caused by technical and signal-to-noise limitations. The failure of 1 H MRS to detect the composite choline in the smaller malignant tumors in each study (described above) may also be a signal-to-noise limitation. Kvistad et al. (17) included two falsepositive diagnoses: one case of fibroadenoma and one case of fibrocystic disease. In the study of Jagannathan et al. (21) , the subtype of the eight benign lesions in which the composite choline signal was detected was not given in detail. The study of Roebuck et al. (18) included one false-positive diagnosis of tubular adenoma. Thus in the studies with detailed subtype information on benign lesions, six of 39 benign tumors were diagnosed as malignant tumors and two of these six false-positives were tubular adenomas. Tubular adenomas are benign processes that are readily identifiable on MR images and on other breast imaging modalities by their distinctive architectural features (36) . Because tubular adenomas are extremely rare, they can be excluded when evaluating the performance of 1 H MRS for diagnosing common benign breast lesions. The other four cases (two of fibroadenoma and two of fibrocystic disease) probably represent the actual limits of the specificity of breast 1 H MRS in correctly diagnosing common benign tumors.
Limits of Breast 1 H MRS Specificity
Effects of Technical Difficulties and Inclusion of Tubular Adenomas in the Studies on the Sensitivity and Specificity of Breast
H MRS
The inclusion of the results of examinations in which there were technical problems will alter the calculation of the sensitivity and specificity for 1 H MRS. As mentioned above, technical limitations were the main cause for false-negative diagnoses. However, a fraction of false-positive cases was largely composed of tubular adenomas (two of six cases), which is extremely rare in general practice.
To assess the effects of technical difficulties and inclusion of tubular adenomas on the diagnostic performance of breast 1 H MRS, we analyzed the effects of removing these examinations from the pooled data set. We first omitted false-negative cases caused by technical failure (hardware failure, patient motion, and one examination performed in the presence of hemorrhage caused by fine-needle aspiration) and then omitted falsepositive cases that were tubular adenomas. This analysis was performed on the retrospective data set of three studies [Cecil et al. (16) , Yeung et al. (19) , and Roebuck et al. (18) , in which the false-positive and the false-negative diagnoses were reported in detail] and is summarized in Table 2 . As expected because of these modifications, the sensitivity of breast 1 H MRS increased (92%) and the specificity increased (92%) (Tables 1 and 2) . Thus, the sensitivity and specificity of breast 1 H MRS could be increased by optimizing the detection of the choline signal and identifying the lesion subtypes for which this diagnostic method is most beneficial.
DISCUSSION
In this review, we have demonstrated the clinical utility of breast 1 H MRS to distinguish between malignant and benign breast lesions by use of the composite choline signal. Elevated levels of choline metabolites have been reported in many studies of excised human breast tumors (24) (25) (26) (27) (28) , cultured human breast cancer cells (29) (30) (31) 37) , and animal models [(38-40) and references cited therein].
An investigation of the relationship between the malignant lesion size and the sensitivity of breast 1 H MRS showed that smaller tumors tended to be diagnosed as benign (false-negative) because of the lack of a detectable composite choline signal. The sensitivity of 1 H MRS of the breast, thus, may be limited more by technical factors than by intrinsic properties of the tumors, such as carcinomas that do not contain a high concentration of composite choline. Therefore, any improvement in the signalto-noise ratio that will effectively enhance the detection of composite choline may increase the sensitivity and improve the diagnostic performance of breast 1 H MRS. Detection of composite choline in breast tumors could be improved by approaches that increase the signal-to-noise ratio of choline detection by increasing the choline signal, decreasing the noise level, or both. One approach to increase the choline signal is to use MR scanners operating at a magnetic field higher than 1.5 T. All studies discussed in this review were performed at a field strength of 1.5 T. Clinical MR scanners that operate at field strengths of 3-4 T are becoming available. For human studies, the signal-tonoise ratio increases linearly with field strength. The choline signal can also be increased by use of MR pulse sequences that are specifically optimized to detect signals at 3.2 parts per million (the chemical shift of the composite choline resonance). An *Cases in which hardware failed, the patient moved during examination, MRS was done after fine-needle aspiration procedure, and cases of tubular adenoma (in studies where these cases were reported in detail) were excluded. Data were reproduced from studies cited or calculated from data presented therein.
additional method for improving the detection of composite choline in breast tumors may involve advances in the design of MR coils that are more suitable for spectroscopic examination of the breast.
In addition, it should be noted that the technical demands of 1 H MRS are not prohibitive. With the advent of automated brain 1 H MRS software packages, spectroscopy sequences have been routinely added to neuroradiologic MRI examinations in the United States, and these sequences are currently used in the classification of brain tumors (41) . Similar automation for examination of breast tumors should be straightforward.
All of the breast 1 H MRS studies described here have addressed the issue of short and long echo times (31-450 ms) in the pulse sequence used. Use of short and long echo times involves a tradeoff between signal intensity (high with short echo time) and signal contrast (the ability to resolve the composite choline signal from the lipid signal, which is higher with long echo time). Despite the loss of signal intensity, the use of long echo times (ജ135 ms) typically led to an improved visibility of the composite choline signal because of a decreased overlap with the lipid signal (18, 19) . The magnitude of the lipid signal has been shown to be of no diagnostic value in breast tumors (18) . In contrast, as shown in the studies discussed above, the composite choline signal appears to have an important diagnostic value for breast tumors. Therefore, it appears that the breast 1 H MRS examination should be performed with a long echo time (135-270 ms) to increase the visibility of the composite choline signal.
The diagnosis made by breast 1 H MRS was of a yes-no type: composite choline was detected (malignant) or not (benign). This observation is consistent with the phosphocholine content in human breast cancer cells, which was previously found to be 10-fold higher than that of normal human mammary epithelial cells (29) (30) (31) 37) .
An interesting finding is that a composite choline signal in 1 H spectra was found in normal breast tissue of lactating women (17) . This finding had been pointed out as a limitation of the use of the composite choline signal as a marker for breast cancer. In fact, the state of lactation is associated with increased choline metabolism because of the need to nourish the newborn with large amounts of choline [supplied in the milk predominantly as phosphatidylcholine, phosphocholine, glycerophosphocholine, *The repetition time was 2000 ms in all studies except for Jagannathan et al. (21) , in which 3000 ms was used. RF ‫ס‬ radio frequency; TE ‫ס‬ echo time; NEX ‫ס‬ number of excitations used in the acquisition of each spectrum; STEAM ‫ס‬ stimulated echo acquisition mode; CHESS ‫ס‬ chemical shift-selective pulses; PRESS ‫ס‬ point-resolved spectroscopy; MRI ‫ס‬ magnetic resonance imaging. and free choline (42) ]. This increased activity of choline metabolism may be the biochemical basis for the composite choline detected in lactating breast tissue. Thus, despite the different biochemical modifications underlying lactation and malignancy of mammary epithelial cells, the end result observed as a detectable composite choline signal in breast 1 H MRS is the same. Breast 1 H MRS, therefore, is not suitable for differentiating malignant from benign breast tumors in lactating women. However, the unique state of lactation is rarely associated with breast malignancy.
The methods used in the studies discussed in this review varied in terms of hardware, spectral methods, and acquisition parameters, which are summarized in Table 3 . Despite the large variability in methods used, results of these studies were similar (as was shown by the pooling analysis described above), indicating the robust capability of breast 1 H MRS as an aid in the differentiation of malignant from benign tumors.
In summary, the combined analysis of breast 1 H MRS studies demonstrates a sensitivity and a specificity as high as 92% for distinguishing breast cancer from benign tumors of the breast. In a subgroup of younger women (40 years of age and younger), the sensitivity and specificity of this method approached 100%. The factors limiting the sensitivity of the examination were mainly technical and can be overcome in a manner similar to that used for brain 1 H MRS. The breast 1 H MRS method is robust, easy to interpret, and likely to provide even better diagnostic performance with the development of high-field MRS technologies that are dedicated to the improved detection of the composite choline signal.
